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Summary of Results
Real time electrochemical data were acquired for tungsten, tantalum, stainless steel 304L, and gold targets during proton irradiation at the LANSCE Weapons Neutron Research Facility. The goal of this research was to establish a better understanding of the corrosion properties of materials as a function of proton irradiation and gain insight into the mechanism of the observed phenomena.
The following electrochemical observations were made during proton irradiation of W, Ta, SS304, and Au:
1) The open circuit potential of all materials increased with increasing proton fluence
2) The corrosion rate (at the OCP) of W and SS304 increased with increasing proton fluence
3) The passive dissolution rate for SS304 and Ta decreased with increasing proton fluence 4) The anodic dissolution rate for W increased with increasing proton fluence 5) The pitting potential for SS304 increased with proton fluence, which is an indication that the material is less susceptible to pitting attack during irradiation.
While no "global" theory of proton beam effects on the electrochemical properties of materials has been established, additional measurements were conducted during the experiments to examine possible mechanisms. To measure the effects of proton irradiation on passive oxide, Surface Enhanced Raman Spectroscopy (SERS) experiments were conducted on as a function of proton beam current. SERS, is a powerful technique for examining the properti s of the thin (less than 10 xlO*' meters thick) oxide which forms on metals. This includes changes in structure, composition, hydration, and oxidation state. Additional experiments which address water radiolysis were also performed. The results of each of these studies (SERS / radiolysis) are reported in separate but attached documents.
To rule out the effects of energy deposition (from the proton beam) on the surface temperature as a possible mechanism for the observed electrochemical effects during irradiation, energy deposition and thermal hydraulic calculations for the rod-shaped tungsten target were performed. The maximum surface temperatures (for a beam current of 484 nA) are 4.8" and 5.1" C above the water temperature (30.8" and 31.1"C) . This is only a 0.2% change in surface temperature and, as corrosion rate is proportional to temperature in degrees Kelvin, can not account for the observed electrochemical changes.
The following sections in this Executive Summary provide a brief overview of the results in (1-5) above. The body of the text gives the complete details of all of our WNR corrosion experiments .
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EfSect of Beam current on the Open Circuit Potential
The open circuit potential (OCP) for these materials was measured as a function of time and proton fluence. Typically, when the proton beam was turned on a large positive increase in the OCP was observed. This effect is shown for stainless steel 304 in H,SO, pH 1.6 at a proton beam current of 100 nA in Figure l .es below.
While a positive shift in the OCP is consistent with the formation of radiolysis products such as hydrogen peroxide, the rapid response of the system from beam off to beam on abruptly followed by a plateau in the OCP is not consistent with a steadily increasing concentration of radiolysis products. Moreover, this trend is also consistent with a change in the oxide surface state. kinetics (which will result from hydrogen peroxide production) and radiation "enhanced" anodic reaction kinetics, EIS experiments for W in 0.10M NaCl (pH 5.2) were performed at an applied anodic potential of 0.0 V SCE. This potential is near the mass transport limited dissolution rate for W. Typical EIS data before the beam was turned on and for beam currents of 141 nA and 484 nA are presented in Figure 2 .es in the form of Nyquist plots. Nyquist plots graph the imaginary impedance as a function of the real component of the impedance. As seen in Figure 2 .es, there is a precipitous decrease in the low frequency impedance of the tungsten target as beam current is increased. Recall that a decrease in impedance correlates with an increase in metal dissolution rate. The enhanced dissolution rates observed during in-beam EIS experiments in 0.1M NaCl at applied potentials are complemented by potentiodynamic polarization curves for W generated during irradiation at a proton beam current of 100 nA. In-beam and out-of-beam potentiodynamic polarization curves for W in NaCl (pH 5.2) are presented in Figure 3 .es. As shown in this figure both the corrosion rate (dissolution rate at the OCP) and the dissolution rate at applied anodic potentials increase in the presence of proton irradiation.
To summarize, the in-beam W results, both EIS and potentiodynamic polarization experiments found that the anodic dissolution rate of W increased with increasing proton beam current in both pH 1.6 and 5.2 solutions. In addition, potentiodynamic polarization experiments demonstrated that the corrosion rate of W increased with increasing proton beam current in all solutions examined.
... Figure3.e~ Potentiodynamic polarization curves for W in 0.1 M NaCl pH 5.2 during irradiation at a proton beam current of 100 nA (in-beam) and with no exposure to irradiation (out-of-beam).
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Efsects of Proton Irradiation on Stainless Steel 304
In contrast to EIS data for W presented above, the low frequency EIS data for SS304 in sulfuric acid (H,SO,) pH 1.6 increases with increasing proton beam current (data not shown). This result was in agreement with potentiodynamic polarization curves for SS304 in this solution ( Figure 5 .es). In these experiments, the in-beam specimen is associated with a higher OCP at lOOnA although the corrosion current density (iCoq) appears to be similar to that of the out-of-beam sample. In addition, the passive current density (ipnss) for the in-beam appears to be somewhat lower than the out-ofbeam sample. Although this difference is small it was reproducible and, in conjunction with the EIS measurements where the charge transfer resistance was found to increase with beam current there is a convincing argument that passive dissolution of SS304 is lowered by interactions with high energy proton irradiation. It is also interesting to note that during the reverse scan a step to lower current densities was observed when the proton beam was shut off. Moreover, this step "returns" the current density to a value identical to that measured for the out-of-beam sample. This is an indication that the electrochemical effects of high energy proton beam interaction with the electrode are reversible. Additional experiments for SS304 during irradiation were conducted in 0.1M NaCl. Potentiodynamic polarization curves from these experiments are presented in Figure 4 .es for samples during irradiation at a proton beam current of 100 nA (in-beam) and not exposed to irradiation (out-of-beam). As can be seen in this figure, while the passive current densities are comparable for the two samples the corrosion current density is somewhat greater for the in-beam sample. In addition, the pitting potential (E it) for the in-beam sample is 0.662 V while the mean value for 3 out-of-beam samples was 0.495 V +/-37 mV. This is an increase in Epit of approximately 170 mV, a value which is 4.60 over the mean out-of-beam value indicating that the observed increase is statistically significant. While these results are preliminary, it is an indication that SS304 is less susceptible to pitting attack during irradiation. In comparison, Sikora et a1 Potentiodynamic polarization curves for SS304 in 0.1 M NaCl for a sample during irradiation at a proton beam current of 100 nA (in-beam) and a sample not exposed to irradiation (out-of-beam).
found that the pitting potential for SS304 was increased by 60 mV during photon irradiation as compared to samples not exposed to light. It was determined (via Mott Schottky plots) that the increase in pitting potential owed to a change in the conductivity of the passive oxide on SS304. It is also interesting to note that the OCP of the in-beam sample is approximately 50 mV more positive than the repassivation potential (E,) for the out-of-beam sample. This indicates that once a stable pit is formed, it does not repassivate.
vi Nyquist plots for the WNR tungsten target in 0.10M NaCl as a
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Figure 7
Electrical equivalent circuit representing the tungsten corrosion system where a) R,, represents the charge transfer resistance (inversely proportional to metal dissolution rate), C,, represents the double layer capacitance, R,,,.represents the geometric solution resistance, and W represents a Warburg type diffusional impedance; in b) R,, represents the resistance of an adsorbed intermediate and C, represents an adsorption psuedocapacitance.
Figure 8
Nyquist plot showing the tungsten target in 0.10M NaCl during irradiation at 484 nA and the fitted data based on the EC presented in Figure 7 . As shown in this figure, the high frequency time constant was attributed to the charge transfer resistance while the low frequency time constant was attributed to an adsorbed intermediate.
Figure 9
Potentiodynamic polarization curves for W in 0.1 M NaCl pH 5.2 for a sample during irradiation at a proton beam current of 100 nA (in-beam) and a sample not exposed to irradiation (out-of-beam). ...
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Figure 11
for a sample during irradiation at a proton beam current of 100 nA (in-beam) and a sample not exposed to irradiation (out-of-beam).
Potentiodynamic polarization curves for W in H,SO, (pH=1.6) Figure 12 Nyquist plot for SS304 in H,SO,, pH 1.6 at an applied potential of +0.580V SCE. Plot shows the effect of beam current on passive dissolution rate.
Figure 13
Potentiodynamic polarization curves for SS304 in H,SO, pH 1.6 for a sample during irradiation at a proton beam current of 100 nA (in-beam) and a sample not exposed to irradiation (out-of-beam).
Figure 14
Potentiodynamic polarization curves for SS304 in 0.1 M NaCl for a sample during irradiation at a proton beam current of 100 nA (in-beam) and a sample not exposed to irradiation (out-of-beam).
Figure 15
Nyquist plot for Ta in H,SO,, pH 1.6 at an applied potential of +0.580V SCE. Plot shows the effect of beam current on passive dissolution rate.
Figure 16
a sample during irradiation at a proton beam current of 100 nA (in-beam) and a sample not exposed to irradiation (out-of-beam).
Potentiodynamic polarization curves for Ta in H,SO, pH 1.6 for
Figure 17
sample during irradiation at a proton beam current of 100 nA (in-beam) and a sample not exposed to irradiation (out-of-beam).
Potentiodynamic polarization curves for Ta in 0.1 M NaCl for a 
Introduction
In this investigation Electrochemical Impedance Spectroscopy (EIS) and potentiodynamic polarization curves were used to characterize changes in tungsten, tantalum, stainless steel 304L, and gold samples as a function of beam current at the LANSCE Weapons Neutron Research facility (commonly referred to as the Blue Room). The first three of these materials have obvious applications in spallation neutron sources. Gold was examined in these experiments because the oxide which forms on it is easily reduced. This provides a well characterized sample surface free of oxide. The ability to examine an oxide free surface is important if one wishes to eliminate beam interaction with the passive film as one of the possibilities for the observed effects of proton irradiation. The native oxide which forms on all metals (except gold) is thin (less than 100 ~1 0 ' '~ meters), amorphous (good short range order, poor long range order) and to some extent hydrated.
The electronic conductivity of most oxides is poor ranging from semiconductor (Fe,O,, TiO,, PbO) to insulator (A1,0,, Ta,O,), though redox reactions can occur readily on most metal oxides via electron tunneling as the oxide layer is thin. Table 1 .
Background
EfSect of Proton Irradiation on Corrosion
Their interpretation of this result was that the radiation field creates defects at the metal surface which contribute [somehow] to the observed electrode potential increase. They theorize 1 that the defects had to be large (dislocation lines, loops, or collapsed vacancy clusters) because isolated vacancies and interstitials would presumably disappear rapidly given their proximity to the surface. In order to test the hypothesis, that defects at the metal surface were responsible for the change in potential, they took a fourth sample, irradiated it, then after the irradiation period annealed it at 900" C. After the annealing period they measured the electrode potential of the W sample out-of-beam and found that it had returned to its original value. They concluded that the damage (and the corresponding enhanced corrosion) is reversible and can be "baked out". This assumes, however, that the interaction of the proton beam with the material produces a steady state condition which does not change once the sample is removed from the proton beam.
Sample Number
Proton Fluence Table 1 Effect of 260 MeV protons on the open circuit potential of tungsten (from ref.
[l]). Investigators have also evaluated the efficacy of corrosion inhibitors in particle accelerator cooling loops [3] . These studies have focused on the addition of hydrazine and benzotriazole at the CERN accelerator to mitigate copper corrosion in the magnet cooling water loops of the Linac.
Change in W Potential
While water quality was improved by both inhibitors (evaluated by the concentration of Cu" in solution), their use was limited to low radiation doses. Because of the high dose rates typical of target blanket cooling loop these inhibitors are not likely to be acceptable.
Water Radiolysis Radiolysis models [4, 5, 6] have indicated that both oxidizing and reducing species are produced when water is irradiated with proton, neutron, or gamma radiation. Table 2 . As indicated by the reaction rate constants, the lifetime of many of these species is short, on the order of milliseconds to microseconds. While these short lived species may be an important consideration in the corrosion mechanism if they are formed at the metal / solution interface of the beam spot (Le., the Helmholtz layer) they will have little impact on materials "downstream" in the cooling water loop.
Long-lived radiolysis products such as hydrogen peroxide (H,O,) and oxygen (0,) are more likely to control the corrosion reaction mechanism of downstream materials. Both of these species are oxidizing species [7] and have lifetimes on the order of days or weeks. Oxidizing species are detrimental as corrosion reactions are generally cathodically limited. That is, anodic and cathodic reactions at the rest potential are in equilibrium ( i.e. you can not store charge) and the rate determining step is typically the cathodic reaction. Therefore, an increase in the concentration of an oxidizing species increases the rate determining step in the corrosion reaction and, correspondingly, increases the anodic (dissolution) reaction.
While some valuable insight into the effects of radiolysis products on corrosion rates has been gained through laboratory simulation [S] , many of the radiolysis products are short lived and difficult or impossible to reproduce in the absence of a high energy radiation source. Therefore, a method for measuring the corrosion rates of materials in a prototypical cooling water loop is preferable. is a powerful non-destructive technique for measuring the corrosion rates of metals in aqueous environments [9, 10, 11] . In EIS a small sinusoidal voltage perturbation (10 -30 mV) is applied across the sample interface as a function of frequency. By measuring the transfer function of the applied ac voltage perturbation and the ac current response of the material, an impedance results (Zo=Vo/Io). In the simplest sense, at low frequencies the material behaves as a resistor and Zo=(Rso,+Rpol) where Rsol is the ohmic resistance due to the solution and Rpol is the polarization resistance of the metal sample. At high frequencies, the material behaves as a capacitor and, therefore, offers no resistance to current. As a result Zo=Rsol. By measuring Z o over a wide frequency range the solution resistance can be subtracted from the polarization resistance. From Rpol the corrosion rate (CR) for a sample can be determined from the relationship:
where A is a constant.
This description of EIS assumes that the system being investigated behaves as a simple Randles' circuit. This circuit may be characterized by its electrical equivalents: a series resistor representing the geometric solution resistance which acts in series with a combination parallel resistance and capacitance representing the charge transfer and double layer capacitance 4 respectively. Most electrochemical systems, however, do not behave in this manner. This is no a drawback, rather, an advantage of EIS. Specifically, it allows the investigator to characterize many of the properties of an electrochemical system in addition to the charge transfer resistance and the double layer capacitance.
Experimental
Experiments were conducted in the Weapons Neutron Research facility at LANSCE. This facility provided access to a proton beam for a conventional three electrode electrochemical cell The three electrode electrochemical cell used in these experiments is shown in Figure 2b .
In addition to the W target, this cell also contained a platinum mesh counter electrode (CE) and a Saturated Calomel (SCE) reference electrode (RE). It has been reported that SCE maintains its stability after gamma irradiation at integrated dose rates of lx104 to 9x10' rads[l2]. Here, some discoloration of the plastic parts in the SCE (Vicor tip, shrink tubing, SCE body) was noted after the irradiation period but no structural damage to them or the cotton wadding was observed. The test solutions consisted of 0.1M sodium chloride (NaC1) and sulfuric acid (H,S04) pH 1.6. These solutions were made from reagent grade chemicals and deionized water. In all experiments the test solution was pumped through the cell and across the sample at a rate of 1.02 L/min with a peristaltic pump from a 1 gallon reservoir. This was done to minimize build up of radiolysis products and heating of the target due to energy deposition from the proton beam. The maximum cell temperature recorded during the irradiation was 26.0" C. Room temperature was 24.5" C. All electrochemical measurements were performed with a floating ground system. This was done to eliminate errors that may have been introduced by ground loops. EIS measurements were generated at the open circuit potential (OCP) and at applied anodic potentials over the frequency range of 10K Hz to 0.001 Hz. In these experiments, 10 data points were collected per decade of frequency. Potentiodynamic polarization curves were generated at a scan rate of 0.2 mV/s. This scan rate was chosen to ensure a steady state current as well as to ensure efficient use of beam time. Little difference was observed between laboratory experiments which employed scan rates of 0.2 mV/sec and O.OSmV/sec which may more closely approximate steady state. Similar trends in OCP were also observed for Ta and SS 304 in H,SO,. However, as shown in Figure 5 , the change in OCP was as large as 0.20 V for these materials at 100 nA of beam current. In comparison, the OCP of W in NaCl changed by only 60 mV at a proton beam current of 500 nA. While a positive shift in the OCP is consistent with the formation of radiolysis products such as hydrogen peroxide, the rapid response of the system from beam-off to beam-on abruptly followed by a plateau in the OCP is not consistent with a steadily increasing concentration of radiolysis products. Moreover, this trend is also consistent with a change in the oxide surface state, and therefore, a change in OCP is not necessarily evidence of the controlling mechanism . 
Results and Discussion
EfSect of Beam Current on the Open Circuit Potential
Time (seconds)
Figure 5 values and value during irradiation at 100 nA.
Open circuit potential for SS304 in flow cell with H,SO,. Plot shows pre-beam
Efsects of Proton Irradiation on W To distinguish between increased cathodic reaction kinetics (which will result from hydrogen peroxide production) and radiation "enhanced" anodic reaction kinetics, EIS experiments for W were conducted at an applied anodic potential of 0.0 V SCE. This potential is near the mass transport limited dissolution rate for W in 0.10M NaC1. Typical EIS data before the beam was turned on and for beam currents of 141 nA and 484 nA are presented in Figure 6 in the form of Nyquist plots. These graphs plot the imaginary impedance as a function of the real component of the impedance. Recall that impedance, Z(o), has both real and imaginary components:
where Zreal and Zimag are the real and imaginary components respectively and j = (-l)",. In Figure 6 Z, , is represented by Z' and the Zimag by Z".
As seen in Figure 6 , there is a precipitous decrease in low frequency impedance of the tungsten target as beam current is increased. It has been shown by Armstrong, et aZ.[l3] that the dissolution mechanism for W is mass transport limited at the solution / electrode interface. The equivalent circuit model for this behavior is presented in Figure 7a where: R,, is the impedance associated with the charge transfer reaction, C,, is the capacitance associated with the double layer and W is a diffusional impedance (also referred to as a Warburg type impedance [l4,15] ). Having extended our measurements to lower frequencies than those used by Armstrong we are able to replace the Warburg impedance with the parallel RC combination as shown in Figure 7b where: R,, represents the discharge of an adsorbed species and C, capacitance associated with an absorbed Figure 7b to the data in Figure 6 (484 nA data) is presented in Figure 8 . As seen in this figure, good agreement between the model and this EC exist. Table 3 presents a summary of R,, and R,, for all beam currents.
Rc t
Figure 7
Electrical equivalent circuit representing the tungsten corrosion system where a) R,, represents the charge transfer resistance (inversely proportional to metal dissolution rate), C,, represents the double layer capacitance, Rsol represents the geometric solution resistance, and W represents a Warburg type diffusional impedance; in b) R,, represents the resistance of the an adsorbed intermediate and C,, represents an adsorption psuedocapacitance. 
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Figure 8
Nyquist plot showing the tungsten target in 0.10M NaCl during irradiation at 484 nA and the fitted data based on the EC presented in Figure 7 . As shown in this figure, the high frequency time constant was attributed to the charge transfer resistance while the low frequency time constant was attributed to an adsorbed intermediate. The enhanced dissolution rates observed during in-beam EIS experiments in 0.1M NaCl at applied potentials (Figures 6 and 8) are complemented by potentiodynamic polarization curves for W generated during proton irradiation. In-beam and out-of-beam potentiodynamic polarization curves for W in NaCl pH 5.2 are presented in Figure 9 . As shown in this figure both the corrosion rate (dissolution rate at the OCP) and the dissolution rate at applied anodic potentials increase in the presence of proton irradiation. This result reinforces the finding from EIS measurements that dissolution rate increases with increasing proton fluence. Potentiodynamic polarization curves for W in 0.1 M NaCl pH 5.2 for a sample during irradiation at a proton beam current of 100 nA (in-beam) and a sample not exposed to irradiation (out-of-beam).
EIS data as a function of proton beam current for W in H,SO, (pH 1.6) are presented in Figure 10 . Data in this experiment were collected at an applied anodic potential of +0.225V SCE.
As seen in this figure, a small decrease in the charge transfer resistance was observed with increasing beam current. As W is passive in this solution at applied anodic potentials, this increase is associated with an increase in passive current density (i.e. passive dissolution rate). To confirm 14 this, potentiodynamic polarization curves for W in H,SO, (pH=l.6) were conducted during proton irradiation (Figure 1 1) . The data were generated during irradiation in a proton beam at a current of 100 nA after the OCP came to steady state in the beam. For comparison, a polarization curve for W in H,SO, pH 1.6 under ambient conditions is also presented in this figure. Both the passive current density (ipass) and the corrosion current density (i,,,, proportional to corrosion rate) were found to increase during irradiation; the passive current density by a factor of 2 times. It is also interesting to note the shape of the curve in the 0.0-0.500 V region is preserved during irradiation.
These results verify the EIS observation that charge transfer resistance at applied anodic potentials decreases with increasing proton beam current. Potentiodynamic polarization curves for W in H,SO, (pH=1.6) for a sample during irradiation at a proton beam current of 100 nA (in-beam) and a sample not exposed to irradiation (out-of-beam).
Efects of Proton Irradiation on Stainless
Steel 304 EIS data for SS304 in H,SO, pH 1.6 are presented in Figure 12 . Unlike the in-beam experiments for W above, here the low frequency impedance (associated with dissolution rate) increases with increasing proton beam current.
Additional laboratory experiments are necessary to establish the appropriate equivalent circuit model for this data as was done for W above.
Potentiodynamic polarization curves for SS304 in H,SO, pH 1.6 are presented in Figure   13 for a sample during irradiation at a proton beam current of 100 nA (in-beam) and a sample not exposed to irradiation (out-of-beam). Both forward and reverse portions of the curve are presented as indicated by the arrows in this figure. As seen in this figure, the in-beam specimen is associated with a higher OCP than the out-of-beam specimen as described above although the corrosion current density (icon) for the out-of-beam sample appears to be similar to that of the sample at 100nA. Moreover the transpassive potential (approximately 0.78 V SCE) appears to be similar for both the in-beam and out-of-beam samples as does the transpassive current density at any given -3 1 6 -1 1 6 0 loo Z' (ohm cm2)
Figure 12
Plot shows the effect of beam current on passive dissolution rate.
Nyquist plot for SS304 in H,SO,, pH 1.6 at an applied potential of +0.580V SCE.
potential. In addition, the passive current density (ipass) for the in-beam appears to be somewhat lower than the out-of-beam sample. Although this difference is small it was reproducible and, in conjunction with the EIS measurements where the charge transfer resistance was found to increase with beam current there is a convincing argument that passive dissolution of SS304 is lowered by interactions with high energy proton irradiation.
During the reverse scan direction in the in-beam polarization curve, a sharp step to lower current densities was observed when the proton beam was shut off. At -0.750 V SCE the current decreased from 9.5 ~l O -~A / c m~ to a current density of 2.2 x~O -~ A/cm2 when the beam was shut off at 0.749 V SCE. This is a 77% decrease in current density from beam on to beam off. Moreover, the anodic current densities returned to values similar to those measured for the out-of-beam sample. Similar trends were observed in Ta polarization experiments as will be presented below. 
Figure 13
Additional experiments for SS304 during irradiation were conducted in 0.1M NaCl.
Potentiodynamic polarization curves from these experiments are presented in Figure 14 for samples during irradiation at a proton beam current of 100 nA (in-beam) and not exposed to irradiation (out-of-beam). As can be seen in this figure, while the passive current densities for the two samples are comparable, the corrosion current density is somewhat greater for the in-beam sample.
In addition, the pitting potential (Epit) for the in-beam sample is 0.662 V while the mean value for 3 out-of-beam samples was 0.495 V +/-37 mV. This is an increase of approximately 170 mV, a value which is 4.60 over the mean out-of-beam value. While these results are preliminary, it is an indication that SS304 is less susceptible to pitting attack during irradiation. In comparison, Sikora et al. found that the pitting potential for SS304 could be increased by 60 mV during photon irradiation as compared to samples not exposed to light [l9] . It was determined (via Mott Schottky plots) that the increase in pitting potential resulted from a change in the conductivity of the passive oxide on SS304. It is also interesting to note that the OCP of the in-beam sample is approximately 50 mV more positive than the repassivation potential (E,) for the out-of-beam sample.
Efsects of Proton Zrradiation on Tantalum EIS data for Ta in H,SO, pH 1.6 are presented in Figure 15 . Unlike the in-beam experiments for W above, here the low frequency data (associated with dissolution rate) increase with increasing proton beam current. A similar trend was observed for SS304 during irradiation. Further laboratory experiments are necessary to establish the appropriate equivalent circuit model for this data as was done for W above.
Potentiodynamic polarization curves for Ta in H,SO, pH 1.6 are presented in Figure 16 for a sample during irradiation at a proton beam current of 100 nA (in-beam) and a sample not exposed to irradiation (out-of-beam). As seen in this figure, the in-beam specimen is associated with an OCP which is 0.400 V higher than the out-of-beam specimen as described above. In addition, Potentiodynamic polarization curves for Ta in 0.1 M NaCl are presented in Figure 17 for samples during irradiation at a proton beam current of 100 nA (in-beam) and not exposed to irradiation (out-of-beam) . Once again, the in-beam anodic current densities in the forward portion of the curve were smaller than those measured for the out-of-beam sample while the anodic current densities measured during the reverse portion of the scan were higher. These results indicate that Ta is less susceptible to enhanced dissolution during proton irradiation as compared to W and SS304.
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Figure 17
Potentiodynamic polarization curves for Ta in 0.1 M NaCl for a sample during irradiation at a proton beam current of 100 nA (in-beam) and a sample not exposed to irradiation (out-of-beam).
Efsects of Proton Irradiation on Gold
Cyclic voltamograms (CV's) for gold (Au) in H,SO, pH 1.6 during irradiation at proton beam currents of 35, 60, and 100 nA are presented in Figure 18 .
Not shown is the pre-irradiation CV which was similar to that measured during the 35 nA experiments These curves were generated after cathodic polarization of the sample to reduce any oxide which had formed on the surface. As shown in Figure 18 ' . steady decrease in the anodic current density was measured (1.4 -1.0 V SCE). This decrease is associated with a gold surface which is covered by an oxy-hydroxide that limits Au oxidation. At lower applied potentials (1.0 -0.90 V SCE), a change from anodic to cathodic current was observed as was a peak in the cathodic current density between 1.0 -0.60 V SCE. This peak is associated with A u +~ reduction to Au. Once the oxy-hydroxide was completely reduced, the cathodic current density returned to lower values (0.60 -0.30 V SCE). Further discussion of these CV's will be limited to the potential regions of Au oxidation and reduction (0.30 -1.4 V SCE). Figure 20 presents a detailed representation of the Au oxidation -reduction region of the CV for the sample during irradiation at a proton beam current of 100 nA. As can be seen in this figure the Au oxidation peak occurred at a potential of 1.06 V SCE while the reduction peak occurred at a potential of -0.790 V SCE. Both the oxidation and reduction peak position were found to be independent of presence of irradiation or proton beam current (Figure 19 ). Proton current was found to change the total anodic current. At applied potentials more positive than 0.70 V SCE, the total anodic current density was found to increase with increasing proton beam current.
As no change in the area under the reduction peak was observed with increasing proton beam current, it does not appear that the increased anodic current density is associated with the formation of Au(OH),. If the amount of Au oxidized to Au(OH), increased with increasing beam current, this "extra" hydroxide would also be reduced in the reverse scan. As the area under the reduction peak is proportional to charge passed (or quantity of a single species being reduced), an increase in area would also be measured. While the increased anodic current observed during proton irradiation may result from an increase in soluble A u +~, it may also result from an oxidation reaction unrelated to Au, such as that from a water radiolysis product. Currently, we are pursuing additional laboratory experiments to either verify or rule out the presence of H202 as a possible cause for this phenomenon.
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3 1 0 -~ 1 1 1 1 1 , 1 1 1 1 , , , 1 , 1 1 1 1 1 1 1 1 1~ heat transfer coefficients calculated for the given maximum and minimum velocities using a cylinder model [20] are 2667 and 2553 W/m2-C respectively.
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The estimated surface temperatures for the tungsten target were calculated using 2 approximations. The first assumes a round rod of the diameter used in these experiments. The maximum surface temperatures (for a beam current of 484 nA) are 4.8" and 5.1" C above the water temperature (30.8" and 31.1" C). In this model the sample temperature distribution was determined to be essentially uniform as the AT from the center of the sample to the sample surface in this model was only 0.03 " C. The second model used the actual half round rod geometry of the actual tungsten target and the assumption of uniform surface heat flux. For this model the maximum surface temperatures (for beam currents of 484 nA) were only 3.0 and 3.1" C above the water temperature (29.0" and 29.1" C). Because the reaction rate scales with RT/nF where T is the I " *.
temperature in degrees Kelvin, from these results we can conclude that surface temperature effects are not a factor which must be considered in the in-beam experiments.
Summary
Electrochemical experiments for W, Ta, SS304, and Au were conducted in H,SO, pH 1.6 and 0.1 M NaCl pH 5.2 as a function of proton fluence. In these experiments, the open circuit potential for all materials increased with increasing proton fluence. In addition the corrosion current density for W and SS304 were found to increase with increasing proton fluence. The passive dissolution rate for SS304 and Ta decreased with increasing proton fluence while that for W increased. In addition, an increase in pitting potential for SS304 was observed in 0.1 M NaCl during irradiation at a proton beam current of 100 nA. More positive pitting potentials are generally associated with a decrease in susceptibility to localized corrosion.
Cyclic voltamograms for Au in H,SO,, pH 1.6, found that both the oxidation and reduction peak positions (associated with Au(OH), formation and reduction) were independent of the presence of irradiation or proton beam current. Proton current was found to change the total anodic current. As no change in the area under the reduction peak was observed with increasing proton beam current, it does not appear that the increased anodic current density is associated with the formation of Au(OH),. If the amount of Au oxidized to Au(OH), increased with increasing beam current, this "extra" hydroxide would also be reduced in the reverse scan. As the area under the reduction peak is proportional to charge passed (or quantity of a single species being reduced), an increase in area also would be measured. While the increased anodic current observed during proton irradiation may result from an increase in soluble Au+3, it may also results from an oxidation reaction unrelated to Au, such as that from a water radiolysis product. Currently, we are pursuing additional laboratory experiments to either verify or rule out the presence of H202 as a possible cause for this phenomenon.
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